A key step during crop domestication is the loss of seed shattering. Here, we show that seed shattering in sorghum is controlled by a single gene, Shattering1 (Sh1), which encodes a YABBY transcription factor. Domesticated sorghums harbor three different mutations at the Sh1 locus. Variants at regulatory sites in the promoter and intronic regions lead to a low level of expression, a 2.2-kb deletion causes a truncated transcript that lacks exons 2 and 3, and a GT-to-GG splicesite variant in the intron 4 results in removal of the exon 4. The distributions of these non-shattering haplotypes among sorghum landraces suggest three independent origins. The function of the rice ortholog (OsSh1) was subsequently validated with a shattering-resistant mutant, and two maize orthologs (ZmSh1-1 and ZmSh1-5.1+ZmSh1-5.2) were verified with a large mapping population. Our results indicate that Sh1 genes for seed shattering were under parallel selection during sorghum, rice and maize domestication.
Cereal crops, the primary calorie source for humans, were domesti cated thousands of years ago 1 . During domestication, many morpho logical and physiological characteristics of the wild progenitors of modern crops were reshaped to meet the needs of humans by artificial selection. When ancient humans started to cultivate wild crops, one of the most notable obstacles would have been the seed shattering habit. Seeds on wild grasses shed naturally at maturity, ensuring their natural propagation. Seed shattering, however, would have caused inefficient harvesting and large losses in grain yield for ancient humans. Hence, the nonshattering trait is likely to been placed under strong selection early in domestication. Because the trait can be achieved by changes in one or two major genetic loci with large effects [2] [3] [4] , nonshattering variants could have appeared in the population at discernable fre quencies, leading to the fixation of the nonshattering variants in ancient domesticated crop populations. Selection for nonshattering crop plants would have greatly facilitated harvesting and improved production, and propagation of cereal crops would have become increasingly dependent on humans, a feature that distinguishes mod ern crops from their wild progenitors. Although several genes have been identified as being responsible for seed shattering in rice and wheat [5] [6] [7] [8] , whether other cereals share the same molecular genetic basis for shattering had not been determined.
Sorghum is the world's fifth major crop and a new model plant with applications in bioenergy and stress management 9 . Previous genetic studies have shown that seed shattering in sorghum is governed by a single locus 10, 11 . To identify the molecular basis underlying seed shattering in sorghum, we constructed an F 2 population from a cross between a wild sorghum with complete seed shattering, Sorghum virgatum (SV), and a nonshattering domesticated sorghum line, Tx430 (Fig. 1) . The F 1 plants showed the same complete shattering as SV. The F 2 segregation ratio suggested that a single gene with a complete dominance effect explained this trait, and this gene was designated Shattering1 (Sh1).
An initial scan with 94 F 2 individuals mapped the Sh1 gene onto sorghum chromosome 1 ( Fig. 2a and Online Methods). This mapping (Fig. 2b) . On the basis of the sorghum genome sequence 9 , four new SSR markers (P1, P2, P3 and P4) were developed, and Sh1 was localized within a 2.5cM region (Fig. 2b) . With three additional SSR makers (P5, P6 and P7) and one SNP1, we finemapped Sh1 to a region between P6 and SNP1, using 15,000 F 2 plants (Fig. 2c) The Propinquum BAC clone 25K18 was identified by the two flanking markers of Sh1, and two genes were predicted within the candidate region between these markers. Gray arrow, a hypothetical gene specifically expressed in pollen; red arrow, YABBY-like gene.
l e t t e r s npg 7 2 2 VOLUME 44 | NUMBER 6 | JUNE 2012 Nature GeNetics l e t t e r s predicted genes: a hypothetical gene and a transcription factor gene belonging to the YABBY family. The sequence of the hypothetical gene from a shattering F 2 recombinant plant, 15G07, was identical to that of the nonshattering Tx430 parent (Fig. 2d) , indicating that recom bination occurred between these two genes; therefore, the YABBYlike gene was regarded as the functional candidate of Sh1 in sorghum.
We compared the 7,758nt YABBYlike gene region from the start codon to the stop codon in SV and Tx430 plants (Fig. 3a) . No nucleo tide differences were detected in 6 exons, whereas 26 SNPs were present in 5 introns. We then sequenced the YABBYlike gene from the 2,761nt upstream promoter region to the 1,315nt downstream fragment after the stop codon across 13 sorghum accessions. This set of accessions comprised three wild shattering accessions and ten non shattering domesticated lines ( Fig. 3a and Online Methods). Four haplotypes emerged from the 10 representative nucleotide variants across these 13 sorghum accessions. Three shattering wild accessions had an SVlike haplotype; two nonshattering accessions had a SC265 like haplotype harboring a GTtoGG splicesite variant at nucleotide position 6,608; four nonshattering accessions shared a Tx430like haplotype with two promoter variants at positions −1,194 and −1,185 and two intronic variants at positions 4,881 and 5,076; and four non shattering accessions had a Tx623like haplotype with a 2.2kb dele tion from 3,985 to 6,251 at the location of exons 2 and 3 (Fig. 3a,  green) . We also sequenced 146 sorghum accessions from around the world (Online Methods and Supplementary Tables 1 and 2 ). Of note, the SVlike haplotype was conserved across all 25 shattering acces sions, and the three other haplotypes were retained in almost all non shattering accessions, except for in two that had rare recombination events ( Fig. 3a and Supplementary Tables 1 and 2) .
We next performed an association test across 25 shattering and 121 nonshattering accessions. Significant associations at all ten repre sentative sites (P values = 6.0 × 10 −4 to 1.6 × 10 −11 ) were obtained. Strong signals were observed at positions −1,619, 152, 5,449 and 8,122, whereas mediumstrength signals were detected at the locations of the multiple causal variants, including the four specific mutations of the Tx430like haplotype, the 2.2kb insertion and deletion (indel) and the splicesite variant (Fig. 3b) . The distributions of the common variants at positions −1,619, 152, 5,449 and 8,122 (with an allele frequency of 83/146 for positions -1,619 and 8,122, or 84/146 for positions 152 and 5,449) were correlated with those of the presumptive causal variants in the Tx430like (37/146) and Tx623like (47/146) haplotypes, which occurred with lower frequencies. Because the common variants were in linkage disequilibrium (LD) with the presumptive causal variants but had higher frequencies (Supplementary Fig. 1 ), their synthetic association signals were stronger than those of the causal variants ( Fig. 3b and Supplementary Table 2) . The association signals at posi tions 4,881, 5,076 and 5,449 were strong because these sites contained causal alleles in the Tx430like and Tx623like haplotypes. When we tested three domesticated haplotypes as a group against the wild haplotype, the YABBYlike gene was completely associated with the shattering trait (P value = 1.1 × 10 −28 ) (Fig. 3b, red dot) .
The 576bp coding sequence of the Sh1 gene encodes a YABBY protein consisting of 191 amino acids. The zinc finger domain is located from amino acids 11 to 52, and the YABBY domain is located from amino acids 111 to 165 (Fig. 3c) .
To identify the causal polymorphisms, we conducted expres sion analysis via RTPCR, focusing on the entire coding transcript. Compared with the wild shattering lines (SV and Propinquum), the Tx430 line showed a low level of Sh1 transcription, whereas truncated transcripts were found in Tx623 and SC265 (Fig. 3d) . Sequence ana lysis of the transcripts of SV, Tx430, Tx623 and SC265 further showed that Tx430 shared the same 576bp coding region as SV, whereas Tx623 encoded a 317bp transcript without exons 2 and 3 and SC265 encoded a 527bp transcript missing exon 4 (Supplementary Fig. 1 ). Both truncated transcripts contained frameshifts that resulted in the introduction of premature stop codons. The Tx623like haplo type therefore encodes a protein lacking the zinc finger and YABBY domains, whereas the SC265like haplotype encodes a protein lacking only the YABBY domain (Fig. 3c) .
Microscopic examination revealed that abscission layers began to form in the joint connecting the seed hull and pedicel in SV plants during flowering, whereas no abscission layer was formed in Tx430 plants (Fig. 1e,f) . These results indicate that the two promoter and two intronic variants in the Tx430like haplotype repressed the expression of the Sh1 gene, whereas the 2.2kb deletion in the Tx623like hap lotype and the splicesite variation from GT to GG in the SC265like haplotype altered the Sh1encoded protein, eliminating formation of the abscission layer in the joint between the hull and pedicel and thereby resulting in a loss of shattering.
Sorghum is known for its genetic diversity, and multiple domes tication events have been suggested on the basis of morphology and l e t t e r s molecular marker analyses 12, 13 . In this study, we found that the shatter ing haplotype remains conserved within 22 wild shattering accessions and 3 shattering Sorghum bicolor strains from different regions of the world (the shattering habit may have been introgressed into these 3 bicolor sorghum strains from wild sorghum), but 3 distinct haplo types were present among 121 nonshattering domesticated sorghums. Seed shattering, vital for the propagation of wild crop progenitors in nature, should be under very strong, direct natural selection, which could explain the conserved shattering haplotype. Three ancient human groups may have cultivated wild sorghum progenitors success fully by independently selecting and fixing three different sh1 muta tions that resulted in nonshattering in different original populations, overpowering natural selection. Indeed, among 80 nonshattering landraces, the Tx430like haplotype group is dominated by acces sions from caudatum (Supplementary Table 2 ), a race thought to be domesticated later than other races. The Tx623like haplotype group primarily contains accessions from the kafir and biocolor races from South and East Africa. All accessions from durra, most from guinea and almost half of those from bicolor have the SC265like haplotype. The lack of a dominant sh1 haplotype among accessions from bicolor agrees with the wide distribution of this race. Cereal crops such as rice, maize, wheat, barley and sorghum were domesticated thousands of years ago. Although these crops were domesticated from different wild progenitors by different ancient human groups in different geographical zones, they all underwent systemic and parallel changes during the domestication process 14 . Whether these parallel changes in domestication share the same genetic basis is still vigorously debated. Although the two major genes for shattering in rice (Qsh1 and Sh4) and the Q gene for shattering in wheat have not been found to be under selection in other crops, the newly identified Sh1 gene in sorghum provides another entry point to test this hypothesis. A shattering quantitative trait locus (QTL) with minor genetic effect has been repeatedly mapped to a syntenic block corresponding to Sh1 on rice chromosome 3 (refs. 15-17) , two disarticulation QTLs were identified in the syntenic blocks on maize chromosomes 1 and 5 (refs. 11,18) , and one of the two major QTLs for shattering was also mapped within the same block on foxtail millet chromosome 9 (ref. 19) (Fig. 4a) .
The rice QTL for shattering in the Sh1 syntenic region has its peak 80 kb away from the gene orthologous to Sh1 (OsSh1, LOC_Os03g44710) (Fig. 4a , blue arrow, and Supplementary Note) and a nonshattering mutant that has reduced cell numbers at the abscission layer was available for further anlaysis [15] [16] [17] 20 . Using the nonshattering mutant (SR5) and the wildtype rice breeding line (Nanjing 11), we conducted genomic DNA amplification and expres sion analysis and Southern blotting (Supplementary Figs. 2-4 ). An insertion of a >4kb fragment was identified in intron 3 of OsSh1, leading to reduced levels of transcription and the shatteringresistant phenotype. Furthermore, in two recent wholegenome sequenc ing studies, OsSh1 was in a list of genes shown to be under strong artificial selection 21, 22 .
On maize chromosome 1, the Sh1 orthologous gene in the reference genome of B73 (ZmSh1-1) 23 contains an extremely large (19.3kb) intron 1 ( Fig. 4b and Supplementary Note) , similar to the key domestica tion gene for fruit size (fasciated) in tomato 24 . On maize chromosome 5, the B73 genome contains two copies of the Sh1 orthologous gene (ZmSh1-5.1+ZmSh1-5.2) within the syntenic block (Fig. 4b) . The struc tural change in ZmSh1-5.1+ZmSh1-5.2 is present in the majority of maize inbreds but absent in all teosinte inbreds, and the insertion in ZmSh1-1 is present in almost all maize inbreds and a few teosinte inbreds, including three with incomplete shattering (Fig. 5 and Supplementary Table 3) . For two maize inbreds that did not contain the B73type insertion in ZmSh1-1, sequence alignment revealed another 83bp insertion in exon 3 of ZmSh1-1 on chromosome 1 causing a frameshift.
To further investigate ZmSh1 family genes, we conducted a whole genome linkage scan with a maizeteosinte population. A major QTL for shattering with a very narrow confidence interval (genetic distance of 1.4 cM, physical distance of 0.6 Mb) was identified on chromosome 5, and another QTL for shattering was identified on chromosome 1 (2.1 cM, 2.4 Mb) (Fig. 5) . These two QTL intervals correspond to the genomic regions harboring the ZmSh1-1 and ZmSh1-5.1+ZmSh1-5.2 genes. The YABBYlike ZmSh1-1 gene is 1 of the 2 genes encod ing transcription factors among the 59 annotated genes within the chromosome 1 interval, and the ZmSh1-5.1+ZmSh1-5.2 locus is the only transcription factor gene among the 12 annotated genes within the chromosome 5 interval (Supplementary Tables 4 and 5) .
In summary, the identification of the Sh1 gene in sorghum, the con served collinearity of genomic regions containing the Sh1 orthologs across several cereals, the identification of the rice ortholog OsSh1 and the structural variation and QTL analyses of the two maize orthologs (ZmSh1-1 and ZmSh1-5.1+ZmSh1-5.2) suggest that the Sh1 genes for seed shattering have undergone parallel selection during domestica tion in multiple cereals. 
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